Although transitions from sexual to asexual reproduction are thought to have important evolutionary consequences, little is known about the mechanistic underpinnings of these changes. The cyclical parthenogen Daphnia pulex is a powerful model in which to address these issues because female-limited meiosis suppression can be transmitted to sexual individuals via males, providing the opportunity for genetic dissection of the trait. A previous study identified genomic regions differentiating obligately asexual females from their sexual counterparts, and a candidate gene within one such region, encoding the meiotic cohesin Rec8, is the subject of this investigation. The D. pulex genome contains three Rec8 loci, all of which are quite polymorphic. However, at one of the loci, all obligately asexual clones carry an allele containing an identical upstream insertion of a transposable element as well as a frameshift mutation, both of which are completely absent from sexual lineages. The low level of variation within the insertion allele across all asexual lineages suggests that this element may be in the process of spreading through the species, and abrogation or modification of Rec8 function is possibly responsible for converting meiotically reproducing lineages into obligate asexuals.
Although transitions from sexual to asexual reproduction are thought to have important evolutionary consequences, little is known about the mechanistic underpinnings of these changes. The cyclical parthenogen Daphnia pulex is a powerful model in which to address these issues because female-limited meiosis suppression can be transmitted to sexual individuals via males, providing the opportunity for genetic dissection of the trait. A previous study identified genomic regions differentiating obligately asexual females from their sexual counterparts, and a candidate gene within one such region, encoding the meiotic cohesin Rec8, is the subject of this investigation. The D. pulex genome contains three Rec8 loci, all of which are quite polymorphic. However, at one of the loci, all obligately asexual clones carry an allele containing an identical upstream insertion of a transposable element as well as a frameshift mutation, both of which are completely absent from sexual lineages. The low level of variation within the insertion allele across all asexual lineages suggests that this element may be in the process of spreading through the species, and abrogation or modification of Rec8 function is possibly responsible for converting meiotically reproducing lineages into obligate asexuals.
parthenogenesis | recombination | phylogenetics | cytogenetics T ransitions between sexual and asexual reproduction are believed to have important evolutionary and ecological consequences (1, 2) . However, the molecular, genetic, and cytological underpinnings of such transitions remain largely uncharacterized. Most asexual metazoan taxa are obligate parthenogens (3) , making formal genetic analysis of these transitions impossible. In contrast, for the cyclical parthenogen Daphnia pulex, there are numerous lineages in which the females are obligately asexual, but still retain the ability to produce males capable of haploid sperm production via meiosis. Such males provide a vehicle for fertilizing the eggs of sexual females, thereby transmitting the genetic determinants of female-limited meiosis suppression (4, 5) . Such sex-limited meiosis suppression provides a powerful mechanism for the recurrent transformation of sexual lineages into novel asexually produced genotypes by repeated crossings between male progeny of obligate asexuals and sexual females (5) (6) (7) (8) . Although several genetic types of obligate asexuality may exist within the Daphnia species complex (9), our current focus is on a system involving "contagious" obligate asexuality (5, 7, 8) , which has resulted in a wide phylogenetic and geographic distribution of obligately parthenogenetic (OP) lineages in the eastern and midcontinental portions of North America.
In cyclically parthenogenetic (CP) D. pulex, resting eggs are products of meiosis and fertilization, whereas, in OP females, they are produced by a pseudomeiotic process in which a germline cell undergoes an equational separation (10) . Data from laboratory crosses initially suggested that a single dominant allele confers OP (7) . However, a recent marker association study of a collection of OP and CP genotypes from across North America revealed single almost perfectly associated regions on chromosomes V, VIII, and X, and an entire copy of chromosome IX significantly associated with this breeding system (8) . The discriminatory power of these marker groups is almost perfect, whereas all other chromosomal regions exhibit essentially no subdivision between CP and OP lineages (8) . The associated regions on chromosomes V, VIII, and X are on the order of at most 250 to 500 kb, presumably because periodic recombination and segregation via backcrossing OP males reduces linkage disequilibrium (LD) in chromosomal regions with no causal connection to OP. Approximately a dozen genes found in these associated regions have characterized roles in meiosis, including the subject of this study, the genes encoding the meiotic cohesin protein Rec8. Cohesin is a four-protein ring structure that keeps sister chromatids associated during mitosis and meiosis by encircling or clamping them together until regulated cleavage allows separation in the appropriate manner (11) . Through its association with other proteins, the meiosis-specific cohesin component Rec8 replaces the mitotic paralogue Rad21/ Scc1 to effect a step-wise separation of sister chromatids (12) . In all cases examined, Rec8 mutants have defects in meiotic chromosome segregation and structure (13, 14) .
Because mutations that abrogate meiotic cohesin function can cause a meiotic cell to undergo a single equational division [e.g., spo13 mutations in Saccharomyces cerevisiae (15, 16) ], because an equational division requires the loss of sister-centromere cohesion, and because Rec8 is essential for meiotic sister-centromere cohesion, the association between OP and the region containing Rec8 (8) raises the intriguing possibility of a causal link to the origin of obligate parthenogenesis. Here we report the results of our investigations of Rec8 in D. pulex and the discovery of a debilitated allele uniquely carried by all OP lineages.
Results
Genomic Architecture of Rec8 and Insertion in Obligately Asexual D. pulex. As noted earlier, results of our previous associationmapping study (8) strongly indicate that several unlinked loci are associated with OP, including a region of chromosome VIII containing Rec8. However, conflicting assemblies of the sequence data from the Daphnia genome project involving a CP genotype indicated that there is either one (http://wfleabase.org; 2005 assembly) or two (http://genome.jgi-psf.org/Dappu1/Dappu1.home. html) nearly identical copies of Rec8 in this region. In addition, it is possible that chromosomal rearrangements in OP D. pulex have brought together the region containing Rec8 on VIII with other diagnostic markers residing on chromosomes V, X, and/or IX in CP D. pulex, potentially obscuring the location of the candidate locus. To test the possibility of a chromosomal rearrangement of associated regions in OP and to establish the copy number of Rec8 genes, we used FISH.
Results of our cytogenetic analysis showed that there has indeed been a duplication of Rec8 in the associated region of chromosome VIII (Fig. S1) , and further demonstrated the presence of a third copy of this gene in a region of chromosome VIII not previously shown to be associated with OP (8) . In addition, dual-color FISH on spermatocyte preparations of OP males showed that none of the Rec8 copies localized to chromosome IX (Fig. S1C) . Thus, as originally suspected, the asexuality-associated markers in OP are distributed across multiple chromosomes, and have not been translocated to a single driving chromosome in obligate asexuals.
The tight association between the region on chromosome VIII containing two copies of Rec8 and obligate parthenogenesis (8) raised the possibility of a functional relationship between modified alleles of one or more copies of Rec8 and meiosis suppression. Therefore, we examined patterns of sequence variation within the three Rec8 loci by using a broad geographic survey of lineages of CP and OP D. pulex (8) .
We initially sought to PCR amplify, clone, sequence, and assemble both alleles, from each of the three Rec8 loci, for eight strains of CP and eight strains of OP genotypes. In the course of characterizing locus B alleles, we discovered a single variant of uniform length carried in heterozygous state in all obligate asexuals, involving the insertion of a 1,239-bp element into a site 604 bp upstream from the annotated transcription start site of Rec8-B (Fig. S1D) . The insertion-site sequence (GAAG/TAAT) is found upstream of all three loci of Rec8, and RT-PCR studies confirmed the site to be within the 5′ UTR of the gene (Fig. S2) , thus extending the known transcription-start site for Rec8 to more than 600 bp upstream of the start codon. The insertion, its flanking regions, and most of the associated coding sequence of Rec8-B were fully sequenced (directly from PCR products, without cloning) in 31 lines of OP D. pulex (Table 1) (17, 18) . A further 17 OP lines were screened (but not sequenced) by using insert-specific primers (Table S1) , and all were found to contain the insert (strain NDB5 appears to be homozygous for the insertion). Of 44 different sexual strains tested, none showed evidence of the insertion based on PCR primers flanking the insertion or amplifying from inside the insertion to primers anchored in flanking DNA (Table S1) .
Thus, insertion alleles for Rec8-B are uniquely located within OP lineages, in striking contrast to the vast majority of polymorphisms throughout the genome of D. pulex, which exhibit no association with breeding system (8) . All the insertion alleles were also monomorphic for a single-base deletion creating a frameshift in exon 1 that would lead to a truncated protein of 31 aa (compared with 640 aa for WT) if the allele's mRNA were to be translated. That is, the "insertion alleles" are all highly similar and contain the same premature termination codon (PTC).
The insertion element has no long ORF or significant homologues in the GenBank nonredundant database, is AT-rich (66% AT), and bounded by terminal nested inverted repeats of 41 bp. When used as a query in BlastN searches of the D. pulex reference genome, the element returns 28 loci with sequence identity, several of which have strong similarity to retrotransposons. Given the lack of an ORF, the insertion appears to be nonautonomous, and presumably was transposed by a different trans-acting active mobile element into the Rec8-B locus of the most recent ancestor of all OP D. pulex.
Evolutionary Analysis of Rec8 in D. pulex. A phylogeny of Rec8 sequences revealed several significant patterns ( Fig. 1) (19, 20) . First, gene sequences from CP and OP genotypes are interspersed throughout the gene genealogy, except for the monophyletic insertion allele of Rec8-B found only in obligate asexuals, which appears to be derived. Second, a monophyletic group of Rec8-C alleles is sister to the Rec8-B insertion-allele grouping, both of which are on longer branches than the remainder of the alleles in the data set. Evidence detailed later suggests that these Rec8-C alleles (∼15 kb downstream of Rec8-B; Fig. 1 and Fig. S1 ), which we denote the LD alleles because they appear to be in LD with the insertion, are found on the same chromosome as the Rec8-B insertion allele in most OP genotypes. However, the fact that not all OP genotypes possess a Rec8-C LD allele provides compelling evidence that the causal mutation(s) associated with OP resides upstream of Rec8-C. Third, extensive polymorphism within and between the three Rec8 loci resulted in poor resolution of relationships among most of the remaining alleles, with the exception of those from clones found in far western North America (Table  S2) (18, 21) . We sought to determine whether ectopic gene conversion is responsible for eliminating divergence among paralogues and distributing alleles across multiple loci, using the method of Betrán et al. (22) to detect gene conversion between loci. Six conversion events were detected between loci A and B, eight between loci A and C, and 11 between B and C, with the average conversion-tract length being 78 bp (±34 bp). One gene conversion tract was found between Rec8-A in western D. pulex and the Rec8-C LD alleles in OP D. pulex, indicating possible allelic exchange between the groups.
The relative sequence homogeneity among copies of the Rec8-B insertion alleles and among Rec8-C LD alleles contrasts with the situation observed for the remaining alleles characterized. Excluding the insertion and LD alleles, all three Rec8 loci exhibit substantial amounts of sequence variation (Table S3 ), pronounced differences in the size of exon 11 associated with variable numbers of a tandem repeat sequence, and numerous insertion/deletions (Table 1) .
Although no clades consisting only of alleles containing PTCs have been revealed beyond the Rec8-B insertion-allele clade, such alleles are common. Across all three loci, eight segregating alleles containing unique PTCs were found in both CP and OP clones. Phylogenetic analysis of Rec8 from other Daphnia species suggests that duplications of this locus are restricted to the D. pulex species complex, as no more than two sequences were recovered (by using universal primers; Table S1 ) from isolates of outgroup species (Fig. S3) . Thus, the extra copies of Rec8 in D. pulex may allow the Rec8 proteins in this species to evolve under a relaxed selection regime, with little or no short-term cost associated with the loss of function in one or more alleles. The relatively high ratio of nonsynonymous to synonymous substitutions in Rec8 alleles provides further support for this contention (Table S4) (23) .
Taken together, these observations are consistent with three different processes influencing the evolution of Rec8 loci in D. pulex: (i) a homogenizing mechanism such as ectopic gene conversion acting to reduce interlocus diversity; (ii) a relaxation of purifying selection on most Rec8 alleles at all three loci; and (iii) a spread of the insertion-containing allele (and the likely partial hitchhiking of an associated allele at locus C, as discussed later) across all OP lineages of D. pulex. The finding that the transposon insertion in Rec8-B is always present in OP genomes and never in CP genomes leads to the hypothesis that the insertion is tightly linked to (or is possibly itself) the genetic element that suppresses meiosis in OP.
Evidence That Insertion Allele Induces Obligate Parthenogenesis. To further test the hypothesis that the insertion-containing Rec8-B allele in obligate asexuals has been creating novel OP lineages by spreading into CP genetic backgrounds, we constructed a phylogeny for the upstream region of Rec8-B, by using a larger collection of 23 OP and 10 CP genotypes (beyond the 16 in our initial study). If the proposed model of causality is correct, copies of the insertion allele are expected to be monophyletic, whereas the other (i.e., noninsert) Rec8-B alleles in OP should be interspersed with copies from CP genotypes. That is, the meiosis suppressor and DNA linked to it are expected to be essentially the same in each OP genotype, as they will have been transmitted via backcrossing through an OP male, whereas allelic regions inherited from CP mothers are expected to be derived from random, sexual genetic backgrounds. Fig. 1 . Phylogenetic analysis of Rec8 genes in D. pulex. The phylogeny was constructed by using the Tamura three-parameter estimation (19) plus gamma plus invariant sites using neighbor-joining (20) . Bootstrap values from 1,000 iterations are shown at selected nodes. OP clones are numbered in bold, and sexual genotypes (i.e., CP) are numbered in roman, with loci denoted A, B, or C, and alleles within an individual arbitrarily numbered (1 or 2; homozygotes are not numbered); genotypes are detailed in Table S2 .
Alleles with a premature stop codon are noted with asterisks. Groupings include insertion alleles at Rec8-B, Rec8-C alleles putatively in LD with the insertion, and Western clones from Oregon, including the reference genome. Note that the "LD" alleles are not found in complete LD with the insertion element at Rec8-B, as one OP genotype lacks this type of allele. However, the LD designation is convenient for purposes of illustration and explanation. Scale is in substitutions per nucleotide site.
Results of our phylogenetic analysis of the region upstream of Rec8-B (with the insertion removed) demonstrate that the alleles containing the insertion in OP genotypes are monophyletic, whereas alleles without the insertion from these lineages are more closely related to alleles from CP genotypes (Fig. 2) . This phylogenetic pattern is reflected in disparate levels of sequence variation found among these alleles. For example, as shown in Table  S3 , the REC-B noninsertion alleles from OP actually show higher levels of nucleotide diversity (Watterson estimator of the population mutation rate 4N e μ, θ W = 0.0283; average number of total nucleotide differences per site, π T = 0.0227) than Rec8-B from CP (θ W = 0.0196, π T = 0. 0156). In contrast, the Rec8-B insertion alleles show approximately 100-fold less nucleotide diversity than the noninsertion alleles (θ W = 0.0003, π T = 0.0007). In addition, careful analysis has shown an abrupt breakdown of LD of OPassociated markers approximately 40 kb upstream of the insertion (SI Materials and Methods). The markers are found specifically on the insertion chromosome in all 11 OP clones tested, and not in any of 12 CP clones tested, thus delimiting the region associated with OP to, at most, approximately 60 kb.
We formally tested for LD by comparing alleles at Rec8-B and C separately in OP and CP clones, measuring associations between parsimony-informative sites (227 informative sites in OP; 206 informative sites in CP) by using the summary statistics Z nS [average of r 2 (24)], Z a (average r 2 between adjacent polymorphic sites), and ZZ [Z a minus Z nS (25) ]. Significance of the pairwise associations between polymorphic sites, or LD, was tested by using Bonferroni correction of the χ 2 distribution, which is quite conservative (25) . When testing for nonrandom associations between all pairwise parsimony-informative polymorphic sites, results showed 771 significant pairwise comparisons (3%) between Rec8-B and Rec8-C in OP (after Bonferroni correction), but none in CP (Table S5 ). An example of nonrandom association is the presence of a splice-site polymorphism shared among the LD and insertion alleles, in which all other alleles except those from Oregon have a derived site. Significant LD is also shown by the small value of ZZ in the OP haplotypes at B and C (Table S5) , which indicates lower intragenic recombination in these haplotypes. Taken as a whole, these data strongly support grouping the Rec8-B insertion alleles and the Rec8-C LD alleles into an incompletely linked haplotype.
Given the proximity of Rec8-B and C and the extreme reduction in diversity seen for the insertion allele at locus B, a similar reduction in diversity is expected of linked alleles at C. In accordance with this expectation, we found a marked decrease in genetic variation among the subset of Rec8-C alleles that we surmise to be linked to the Rec8-B insertion allele (Table 1 and  Table S3 ). Among the Rec8-C LD alleles, π T is 0.0011, whereas, among the other Rec8-C alleles in OP, π T is 0.0468 (Table S3) . Our data thus indicate a distinct difference between the insertion alleles and the alleles putatively in LD at locus C on the one hand, and all other alleles in our data set on the other.
Decreased nucleotide variation may result from several types of population-genetic process (reviewed in ref. 26) , including hitchhiking as a result of linkage with a beneficial allele (27) , or background selection as a result of linkage with deleterious mutations (28) . Thus, we used site-frequency tests to determine the most likely explanation for the observed patterns. Specifically, we estimated the Tajima D (22) and the Fay and Wu scaled H (29) in an effort to distinguish the effects of population growth and recombination from selection (30) . The hallmark of a selective sweep is an excess of high-frequency, derived variants, even in regions where normal levels of recombination are occurring (29) , and the Fay and Wu H is effectively able to distinguish sweeps from demographic effects and background selection by the occurrence of these variants (31) . The frequency of the insertion allele is consistent with a sweep, rather than a population bottleneck or background selection, as shown by a very small value for H for the OP Rec8-B alleles (Table S5) . The phylogeny was constructed by using the Tamura three-parameter estimation (19) plus gamma plus invariant sites and the neighbor-joining method (20) . The sequences consisted of approximately 1.7 kb of noncoding DNA from the insert and noninsert alleles of OP (bold) and CP; genotypes are detailed in Table S2 . Bootstrap values from 1,000 iterations are shown at selected nodes. Although the insertion was removed from this alignment, the insert alleles form a monophyletic group. Scale is in substitutions per nucleotide site.
Functional Consequences of Insertion. To determine whether there are any systematic differences between sexual and obligately asexual genotypes with respect to Rec8 gene expression, we measured mRNA levels (Table S6 ) and compared shotgun-sequenced RT-PCR products in CP and OP genotypes. By using RT-PCR, we tested Rec8 expression levels in OP or CP females producing resting or direct developing eggs, and in OP and CP males. We also cloned and sequenced a sample of cDNAs created from sexual and obligately asexual females making resting eggs (pooling 15 genotypes each) to assess whether differences exist between these groups with respect to splicing, RNA editing, or other transcriptional features.
This sequencing of mRNAs confirmed intron boundaries of previously annotated cDNA models (http://wfleabase.org and http:// genome.jgi-psf.org/Dappu1/Dappu1.home.html), and did not reveal any notable differences in Rec8 transcript sequences between CP and OP females (Table S6) . By using RT-PCR, we assayed near-full-length transcripts using primers in conserved regions of the protein-coding sequence (Table S1 ). We also found evidence of transcription from 655 bp upstream of the start codon into the gene, although the primers used cannot distinguish the originating locus because they are in repetitive regions (Fig. S2) , and attempts to use internal locus-specific primers together with upstream primers in repetitive regions were inconclusive. Thus, at least some transcripts are considerably longer than suggested by the available annotation as a result of this extended 5′ UTR. By using a primer anchored in the insertion and another in exon 2, a very faint band of the expected size (with the first intron spliced out) was seen in OP samples, indicating that the insertion allele is transcribed at a very low level.
We also performed quantitative, allele-specific RT-PCR studies of gene expression in a sexual lineage (TEX21) and an OP lineage (NDB5), by using three biological replicates of females producing resting eggs or directly developing embryos, or with empty ovaries (Table S6) . Results showed that, for each allele assayed, there was a high degree of variability in the amounts of transcript detected within and among replicates, so no significant differences were found either among loci or between samples (Table S6 ). In summary, the data do not reveal any large differences between CP and OP clones in levels of transcripts across loci, except for transcription of the insertion allele at Rec8-B, which occurred at such low levels that we were unable to reliably detect it. We also did not find systematic differences in transcript sequences, or splice variants. Any functional effect of the insertion on other Rec8 loci is therefore likely mediated at the posttranscriptional level.
Discussion
In an effort to uncover the mechanism(s) responsible for the origin of obligate asexuality, we have characterized an insertion that is uniquely found in all obligately asexual clones of D. pulex, upstream of one copy of a gene encoding the meiotic cohesin Rec8. Our observations are consistent with the idea that this insertion, likely derived from a transposon, has been spreading through sexual populations along with the associated Rec8-B allele, and in doing so, conferring the ability to produce resting eggs in the absence of canonical meiosis. A virtually identical copy of the insertion has been found in every OP D. pulex tested. Moreover, abrogation of Rec8 function, which could plausibly result from the retroelement insertion, is also known in other species to result in phenotypes similar to those seen in OP D. pulex (32) (33) (34) (35) (36) (37) . The finding that the Rec8 insertion and portions of three other chromosomes (8) are all strongly associated with OP is concordant with results from other systems, in which mutation of just a small number of loci is required to induce a switch from sexual to asexual reproduction.
In Arabidopsis thaliana, meiosis can be engineered to become mitosis by mutations to three different genes, including rec8, although the gametes produced by these plants were diploid and not capable of autonomous development (32) . Although the causal loci in D. pulex remain to be determined, results of our previous association-mapping study (8) indicate the possibility of a comparable functional epistatic interaction, with similarly altered kinetochore orientation and homologous recombination (HR) in OP D. pulex being a result of mutation of uncharacterized loci in associated regions of chromosomes V, VIII, IX, or X (8) .
Although mutations to multiple loci are required to induce obligate asexuality in A. thaliana (32, 33) , it is theoretically possible that Rec8 abrogation alone is sufficient to induce pseudomeiosis in D. pulex, because loss of Rec8 function affects each of the three processes modified during pseudomeiosis (HR, sisterchromatid orientation, and cohesion). Although we know of no examples of rec8 mutants that specifically result in successful clonal propagation, mutant or biochemical studies in Schizosaccharomyces pombe and other organisms (34) (35) (36) (37) are consistent with the idea that loss of Rec8 function could be sufficient to abrogate meiotic sister chromatid cohesion and HR, and to orient sister chromatids to opposite poles. In normal meiosis, the Rec8 protein is specifically required for normal levels of HR and for kinetochore orientation (13, (38) (39) (40) (41) . For example, in S. pombe, when meiotic cohesin Rec8 is replaced by mitotic cohesin Rad21, monopolar attachment of sister kinetochores is not established and aneuploidy is common; in addition, homozygous null mutants for rec8 exhibit significantly reduced HR (14) .
If the loss or disruption of Rec8 protein activity in Daphnia is sufficient to induce OP, the remaining regions on chromosomes V, VII, IX, and X associated with OP in D. pulex (8) may have no direct mechanistic role in the suppression of meiosis but might instead play roles in processes related to the spread of the suppressor itself, such as male production or activation of parthenogenetically-produced resting eggs.
The perfect association between the presence of the insertion allele and OP raises the question of whether the suppression of meiosis is caused by the insertion per se, the PTC-causing frameshift mutation in the coding sequence downstream, or an unidentified but closely linked genetic element. Although we cannot rule out the last possibility, our data suggest it is unlikely. The region known to be absolutely associated with OP encompasses, at most, a 60-kb stretch flanking Rec8-B, from Rec8-C (15 kb downstream) to the six genes 40 kb upstream. None of the genes have any characterized roles in meiosis or reproduction. It is also unlikely that the element would be the PTC-debilitated allele itself. Although the PTC may induce haploinsufficiency in OP as a result of lower Rec8 protein titers, similarly defective alleles also exist among the CP lineages we characterized, so they would presumably suffer from the same problem.
Piwi-interacting RNA (piRNA) has roles in gene silencing consistent with characteristics of the meiosis suppressor as well as with patterns of Rec8 gene expression. In the germline, transposons are silenced by piRNA via translational inhibition and other mechanisms (42) (43) (44) . Robust transcription of Rec8 by OP and barely detectable transcription of the insertion allele are consistent with regulated cleavage and accumulation of antisense insertion allele fragments, which could target other alleles via sequence homology to inhibit Rec8 translation [e.g., by hybridization, which precludes ribosome binding (42) (43) (44) ]. This hypothesis explains why long insertion-allele transcripts are vanishingly rare, why transcripts of other alleles are not, and how paralogous loci could in principle be silenced by an allele showing very low mRNA levels. Evidence that piRNA can inhibit translation of mRNA from paralogous loci comes from Drosophila oogenesis, in which piRNA silences multiple loci as a result of the activity of a single transposon (44) . The involvement of piRNA in pseudomeiosis could be tested by transcriptional analysis of germline RNAs, including short RNAs, because silencing RNAs, microRNAs, and piRNAs can be differentiated by their distinctive lengths, sequence motifs, and biochemical modifications (43) .
A basic premise of the contagious spread of obligate asexuality in D. pulex is that the phenotype is limited to females (5-7), implying that Rec8 activity should be disrupted in OP females but not males. However, there is good evidence of meiotic problems in OP males based on genetic mapping of controlled crosses (8) ,
showing that a high proportion of mature sperm have some degree of aneuploidy. Twenty of 28 progeny from our laboratory cross were triploid at some loci coming from the OP male (8) . An earlier report that laboratory crosses resulted in a 1:1 segregation of the OP phenotype used seven genetic markers among 10 progeny to conclude that conversion to OP occurs via haploid sperm from OP males (7) . However, given the limitations of that study and our observations, the rate of haploid-sperm production among OP males may be quite variable, raising questions about whether all OP clones are equally proficient at faithfully transmitting the genetic determinants of meiosis suppression.
Materials and Methods
The work reported here is based on the same D. pulex populations from a North American phylogeographic survey (Table S2 ) used in earlier association studies (8, 45) , which are all lactate dehydrogenase SS genotypes and not hybrids with the subspecies Daphnia pulicaria, which appear to have a different genetic basis for obligate asexuality (9) .
DNA and RNA Extraction and Analysis. Genomic DNA from clonal isolates was extracted using a modified cetyl trimethyl ammonium bromide method as described previously (45) and quantified by spectrophotometry. Details about PCR amplifications, cloning, and sequencing are provided in SI Materials and Methods. Total RNA from whole animals was isolated from clonal females as described (46) . RNA from dissected ovaries or individual oocyte clusters of four cells was obtained by hand-dissection in PBS solution followed by extraction with a PicoPure RNA isolation kit (MDS). Details regarding quantitative and standard RT-PCR are provided in SI Materials and Methods.
Phylogenetic and Sequence Analysis. Sequence chromatograms were qualitytrimmed and, in some cases, assembled by using DNAstar (LaserGene) and aligned initially by using ClustalW, version 1.8 (47) , and manually refined in MEGA3 (48) . Phylogenetic reconstruction was performed by using jModelTest (49) to select the best-fit models for our data sets, which was the Tamura three-parameter plus gamma plus invariant sites (19) , and by using neighbor-joining (20) . Tree topology was tested by bootstrap resampling 1,000 times. Population-genetic parameters, including nucleotide diversity estimates, allele-frequency tests, and estimates of LD and gene conversion were performed by using DnaSP, version 4.50 (25) .
